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We investigate a well known scenario of interaction in the dark sector, where the vacuum energy is
interacting with cold dark matter throughout the cosmic evolution in light of the cosmic microwave
background (CMB) data from final Planck 2018 release. In addition to this minimal scenario, we
generalize the model baseline by including the properties of neutrinos, such as the neutrino mass
scale (Mν) and the effective number of neutrino species (Neff) as free parameters, in order to verify
the possible effects that such parameters might generate on the coupling parameter, and vice versa.
As already known, we confirm that in light of Planck 2018 data, such dark coupling can successfully
solve the H0 tension (with and without the presence of neutrinos). Concerning the properties of
neutrinos, we find that Mν may be wider than expected within the ΛCDM model and Neff is fully
compatible with three neutrino species (similar to ΛCDM prevision). The parameters characterizing
the properties of neutrinos do not correlate with the coupling parameter of the interaction model.
When considering the joint analysis of CMB from Planck 2018 and an estimate of H0 from Hubble
Space Telescope 2019 data, we find an evidence for a non-null value of the coupling parameter at
more than 3σ confidence-level. We discuss also the inclusion the baryon acoustic oscillations data
in combination with Planck 2018 and implications for the scenarios addressed. Our main results
updating the dark sectors’ interaction and neutrino properties in the model baseline, represent a
new perspective in this direction. Clearly, a possible new physics in light of some dark interaction
between dark energy and dark matter can serve as an alternative to ΛCDM scenario to explain the
observable Universe, mainly in light of the current tension on H0.
PACS numbers: 98.80.-k, 95.35.+d, 95.36.+x, 98.80.Es.
1. INTRODUCTION
Within the context of General theory of Relativity
the observational signatures of our Universe are well de-
scribed by two dark components, namely the dark mat-
ter (DM), responsible for the structure formation of our
universe and an exotic dark fluid having high negative
pressure, known as dark energy (DE) driving the expan-
sion of our Universe in an accelerated way. The obser-
vational data from various independent sources predict
that nearly 68% of the total energy budget of the Uni-
verse is occupied DE and about 28% of the total budget
of the universe is formed by DM [1, 2]. The remaining
4% is contributed by non-relativistic baryons, relativistic
radiation, neutrinos and other particles. This standard
description of our Universe is well described within the
ΛCDM paradigm. However, even after a series of inde-
pendent observations, the intrinsic nature of DM and DE,
are still indeterminate. It is also not known whether the
DE and DM sectors are independently conserved. Since
the nature of these dark sectors are almost unclear, thus,
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clearly, there is no such reason to assume the indepen-
dent conservation of DE and DM. From the field theo-
retic view, there might have an interaction between the
fields DE and DM. Thus, the assumption of an interac-
tion in the dark sector is not unjustified. Interestingly,
the allowance of an interaction in the dark sector has
a number of notable outcomes. It has been found that
the presence of an interaction in the dark sector could
successfully reconcile the long lasting cosmic coincidence
problem [3, 4, 5, 6, 7]. Following this, a number of inves-
tigations in the context of interacting DE – DM models
were performed by many investigators [8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43]
(also see two review articles in this direction [44, 45]). An
interesting outcome from the interaction is that, it could
naturally explain the phantom dark energy equation-of-
state [46, 47, 48, 49]. However, the strongest support
in favor of interaction between the dark sectors appears
from the recent observations for a possible non-null in-
teraction [50, 51, 52, 53, 54, 55] and additionally, the
interaction in the dark sector is excellent to alleviate or
solve the H0 tension [51, 52, 53, 54, 55, 56, 57, 58] and the
S8 tension [52, 57, 59, 60, 61]. Special attention can be
paid to Ref. [57], where the tensions on the parameters
H0 and S8 can be resolved simultaneously via a coupling
in the dark sector. A direct estimation on this possible
dark interaction was quantified in [59], with scattering
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2cross section ≤ 10−29 cm2, for typical DM mass scale.
On the other hand, the neutrinos properties play a cru-
cial role in the dynamics of our Universe, by inferring di-
rect changes in the important cosmological sources, and
consequently, in the determination of cosmological pa-
rameters (see an incomplete list of recent and past works
[62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76]
and references therein). The standard parameters that
characterize these effects are the effective number of neu-
trino species Neff and the total neutrino mass scale Mν .
We refer to [2, 77] for most recent constraints on these
parameters. In principle, both the quantities Neff and
Mν , are model dependent, and hence, different cosmo-
logical scenarios may bound these parameters in different
ways. In the context of a possible interaction between the
dark components, the inclusion of neutrinos was investi-
gated in [31, 51, 78, 79, 80, 81], where the presence of
neutrinos can influence the coupling parameter between
DE – DM, and in the opposite direction, by assuming a
dark coupling, the observational bound on the properties
of neutrinos may minimally change with respect to the
minimal ΛCDM scenario. Also, beyond the three neu-
trino species of the standard model, the so called (3+1)
neutrino model can induce a non-null dark interaction
[52].
How neutrinos can influence the free parameters of
the models beyond the ΛCDM scenario, can open new
perspectives to verify, in a more realistic way, the ob-
servational feasibility of the non-standard cosmological
models. Such investigations are necessary in order to ob-
tain more robust and accurate results on the full baseline
of the alternative cosmological scenarios. In the present
work, we consider an interacting vacuum energy scenario
in presence of neutrinos using the final Planck CMB ob-
servations, aiming to check how the inclusion of neutrinos
can influence the coupling parameter and vice versa. Our
results are also an update for such dark sector interaction
models in light of CMB data from final Planck release.
The work has been organized in the following way.
In section 2 we describe the basic equations for an in-
teracting scenario in the background of a homogeneous
and isotropic Universe. In section 3 we describe the en-
tire cosmological datasets and the statistical methodol-
ogy to constrain the prescribed interacting scenarios in
this work. The section 4 is devoted to analyse the out-
comes of the statistical results and their physical impli-
cations. Finally, in section 5 we close the present work
offering a brief summary of the entire outcomes.
2. INTERACTION IN THE DARK SECTOR
Our Universe is well described to be homogeneous
and isotropic in large scale and such geometrical picture
is characterized by the Friedmann-Lemaˆıtre-Robertson-
Walker (FLRW) metric. In such a framework, we con-
sider a non-gravitational interacting scenario between
two main dark species of the Universe, namely, DM and
DE, where DM is assumed to be a cold species (pressure-
less) and DE is described by the vacuum energy density.
The dark interaction is quantified as
∇µTµνi = Qνi ,
∑
i
Qµi = 0 , (1)
where i = c represents DM and i = x represents DE.
The four-vector Qµi actually governs the interaction. We
assume that Qµi is given by
Qµi = (Qi + δQi)u
µ + a−1(0, ∂µfi), (2)
where uµ is the velocity four-vector and Qi is the back-
ground energy transfer. Let us note that from now on we
shall use the notation Qi ≡ Q. The symbol fi refers to
the momentum transfer potential. In the FLRW back-
ground, one can write down the conservation equations
of the DM and DE densities as
ρ˙c + 3Hρc = −Q , (3)
ρ˙x = Q , (4)
where H = a˙/a, is the rate expansion of the universe.
The symbol H0 used hereafter in this work therefore
refers to the present value of the Hubble parameter.
In the present work, we shall use a very well known
form of the interaction function Q, namely,
Q = 3Hξρx , (5)
where ξ is the coupling parameter between the dark com-
ponents. From the sign of ξ, one can identify the direc-
tion of the energy flow between the dark sectors. The
condition ξ < 0 corresponds to the energy flow from DM
to DE, and ξ > 0 represents the opposite case. The func-
tional form Q = 3Hξρx is chosen in order to avoid the
instabilities in the perturbations at early times. There
are some other interaction models which could also re-
move the early time instabilities. So, the choice of the
interaction function is not unique and it is very difficult
to provide with a specific functional form since the na-
ture/properties of both dark components is completely
unknown at present date. From the observational per-
spectives, we do not find any strong signal which could
reveal the nature of the dark components, and hence, we
believe that the nature of the interaction function will
probably remain unknown for the next decade(s). We
can only approximate the interaction function Q only
through the theoretical arguments and consistent obser-
vational data. It is assumed that the interaction between
the dark components may appear from some effective
field theory [82], disformal coupling [83, 84], decay of vac-
uum energy [85, 86, 87, 88], or something else. However,
it is extremely difficult, and/or at some level it is even
unfeasible to test the interaction models from the action
principle. Thus, usually by conditioning some theoretical
3constraints and justifications on the choice of the interac-
tion models, we parametrize them and test their accept-
abilities at the level of observations. The most natural
and simple interaction function is, Q ∝ Hρx, i.e., eqn.
(5) which sounds reasonable and enough at this stage
to begin with a robust analyses after the final Planck re-
lease. Our present methodology to describe the evolution
of the linear perturbations of the dark component, δc and
δx, is the same as described in [89] (See also [41] for the
descriptions of the same equations).
3. DATA SET AND METHODOLOGY
In this section, we briefly present the cosmological data
sets and the statistical methodology to constrain all the
interacting scenarios to be considered in this work. Let
us take into consideration:
1. Cosmic Microwave Background (CMB): We
consider the latest cosmic microwave background
measurements from Planck [2, 90, 91]. The dataset
is referred to as Planck TT,TE,EE+lowE, here we
just refer as Planck 2018.
2. Baryon acoustic oscillation (BAO) distance
measurements: We have used various measure-
ments of the BAO data from [92, 93, 94].
3. Hubble Space Telescope (HST): We include
the very latest measurement of the Hubble con-
stant from the Hubble Space Telescope, yielding
H0 = 74.03 ± 1.42 km/s/Mpc at 68% CL [95].
This estimation of the Hubble constant is in tension
(4.4σ) with Planck’s estimation within the minimal
ΛCDM model. In this work we refer to this data
as R19.
Concerning the statistical analyses, we modify the
Markov Chain Monte Carlo code cosmomc [96, 97], in
order to extract the observational constraints for the in-
teraction model described in the previous section. In this
work, we consider three different scenarios as follows:
Scenario 1: We consider a minimal scenario of dark
sectors’ interaction, being characterized only with a sin-
gle parameter, the coupling parameter ξ, beyond the
ΛCDM model baseline. The parameter space of this
model is,
P ≡
{
Ωbh
2,Ωch
2, 100θMC , τ, ns, log[10
10As], ξ
}
, (6)
which is seven dimensional. We label this model as In-
teracting Vacuum Scenario (IVS).
Scenario 2: We consider an extended parameter space
by including the neutrino mass scale Mν as a free param-
eter. Thus, the model baseline is given by
P ≡
{
Ωbh
2,Ωch
2, 100θMC , τ, ns, log[10
10As], ξ,Mν
}
, (7)
which is eight dimensional. We label this scenario as IVS
+ Mν following the earlier labeling.
Regarding the sum of neutrino masses, we impose a
prior of Mν > 0, ignoring a possible lower limit from
neutrino oscillation experiment and assuming three neu-
trinos species, that is, Neff = 3.046. For the purposes of
obtaining bounds on neutrino mass from the cosmological
data, the prior Mν > 0 is adequate.
Scenario 3: As a third and final scenario in this work,
we consider the extended parameter space including both
Mν and Neff as free parameters. Thus, in this generalized
case the parameter space of our interest is,
P ≡
{
Ωbh
2,Ωch
2, 100θMC , τ, ns, log[10
10As],
ξ,Mν , Neff
}
, (8)
which is nine dimensional and we label it as IVS + Mν
+ Neff .
We consider the flat FLRW universe in this work,
which is clear from the above parameter spaces. Dur-
ing the statistical analyses, we consider the flat pri-
ors on all parameters, the common baseline parameters
in all scenarios is taken to be: Ωbh
2 ∈ [0.005 , 0.1],
Ωch
2 ∈ [0.01 , 0.99], θMC ∈ [0.5 , 10], τ ∈ [0.01 , 0.8],
log10(10
10As) ∈ [2 , 4] and ns ∈ [0.8 , 1.2]. For all inter-
acting scenarions, we take ξ ∈ [−1 , 1]. For the scenario
IVS + Mν , we impose Mν ∈ [0, 1]. For the model IVS +
Mν + Neff , we assume Mν ∈ [0, 1] and Neff ∈ [1, 10]. In
what follows, we discuss our results.
4. RESULTS
In this section, let us present and discuss the obser-
vational constraints on the dark coupling parameter ξ,
as well as the full parameter space of the model, for the
three different interacting scenarios described in the pre-
vious section 3, using CMB measurements from Planck
2018, BAO data and the local estimation of H0 from
HST. Thus, we can check how these three data sets, in
particular the Planck 2018 release may bound a possible
DM – DE coupling, in its minimal parametric space and
also in its possible extensions including the neutrinos.
Tables I, II and III summarize the main results of
the statistical analyses carried out using three different
datasets, namely, Planck 2018, Planck 2018 + BAO, and
4Parameters CMB CMB+BAO CMB+R19
Ωch
2 0.0687+0.0244+0.0647−0.0677−0.0677 0.0996
+0.0225+0.0353
−0.0156−0.0383 0.0378
+0.0118+0.0476
−0.0346−0.0368
Ωbh
2 0.02230+0.00015+0.00030−0.00015−0.00029 0.02233
+0.00014+0.00028
−0.00014−0.00027 0.02233
+0.00014+0.00031
−0.00015−0.00028
100θMC 1.04409
+0.00258+0.00548
−0.00405−0.00493 1.04188
+0.00086+0.00233
−0.00134−0.00207 1.04625
+0.00233+0.00357
−0.00180−0.00381
τ 0.054+0.0075+0.015−0.0079−0.015 0.055
+0.0076+0.016
−0.0083−0.016 0.054
+0.0081+0.016
−0.0080−0.016
ns 0.9723
+0.0043+0.0083
−0.0044−0.0081 0.9734
+0.0040+0.0079
−0.0040−0.0078 0.9734
+0.0043+0.0083
−0.0043−0.0082
ln(1010As) 3.055
+0.015+0.031
−0.016−0.030 3.057
+0.016+0.033
−0.017−0.032 3.054
+0.016+0.033
−0.016−0.034
ξ 0.132+0.142+0.169−0.077−0.197 0.059
+0.053+0.110
−0.061−0.101 0.207
+0.067+0.092
−0.034−0.132
Ωm0 0.191
+0.075+0.191
−0.141−0.166 0.261
+0.056+0.095
−0.046−0.099 0.115
+0.031+0.118
−0.065−0.085
H0 70.84
+4.26+5.26
−2.50−5.94 68.82
+1.30+2.77
−1.53−2.64 73.27
+1.87+2.65
−1.08−3.13
TABLE I: Observational constraints at 68% and 95% CL on free and derived parameters of the IVS scenario.
Parameters CMB CMB+BAO CMB+R19
Ωch
2 0.0816+0.0569+0.0621−0.0371−0.0806 0.1012
+0.0248+0.0395
−0.0173−0.0427 0.033
+0.0145+0.0334
−0.0249−0.0318
Ωbh
2 0.02227+0.00015+0.00030−0.00016−0.00032 0.02233
+0.00014+0.00028
−0.00014−0.00029 0.02231
+0.00015+0.00030
−0.00015−0.00029
100θMC 1.04315
+0.00199+0.00576
−0.00392−0.00476 1.04181
+0.00096+0.00263
−0.00147−0.00233 1.04661
+0.00175+0.00312
−0.00165−0.00302
τ 0.055+0.0074+0.016−0.0085−0.015 0.056
+0.0076+0.016
−0.0082−0.015 0.055
+0.0078+0.016
−0.0079−0.016
ns 0.9711
+0.0044+0.0094
−0.0047−0.0091 0.9728
+0.0043+0.0084
−0.0041−0.0081 0.9722
+0.0043+0.0083
−0.0042−0.0083
ln(1010As) 3.057
+0.016+0.033
−0.017−0.030 3.057
+0.015+0.033
−0.016−0.031 3.055
+0.016+0.033
−0.016−0.033
ξ 0.102+0.152+0.180−0.097−0.202 0.054
+0.059+0.126
−0.069−0.114 0.220
+0.053+0.082
−0.037−0.089
Ωm0 0.227
+0.095+0.191
−0.147−0.174 0.265
+0.060+0.100
−0.052−0.109 0.104
+0.028+0.075
−0.049−0.067
H0 69.45
+4.02+5.73
−3.47−6.07 68.71
+1.43+2.79
−1.45−2.74 73.46
+1.17+2.28
−1.12−2.32
Mν < 0.277 < 0.158 < 0.204
TABLE II: Constraints at 68% and 95% CL on free and derived parameters of IVS + Mν scenario. The parameter H0 is
measured in the units of kms/s/Mpc, whereas Mν , reported in the 95% CL, is in the units of eV.
Planck 2018 + R19 for three distinct interacting scenar-
ios, namely, IVS, IVS + Mν and IVS + Mν + Neff , re-
spectively. We also consider the joint analysis Planck
2018 + R19, because as we will see, when analyzing with
Planck 2018 data only, the scenario under consideration
here has no tension with local H0 measurements by HST.
The introduction the BAO data is motivated to break the
degeneracy on the full parametric space of the scenarios
when analyzing with Planck 2018 data only. Differences
between these combinations will be discussed in this sec-
tion. Figures 1 and 2, show the parametric space at
68% CL and 95% CL for some selected parameters of
the interacting scenarios, IVS + Mν and IVS + Mν +
Neff respectively, for the mentioned data sets. Under
this specific dark sector interaction, we note that the in-
clusion of Mν and Neff , does not affect considerably the
observational perspectives of the coupling parameter ξ
(in the sense to carry the possibility of ξ 6= 0). We can
observe that ξ is very weakly correlated with Mν and
Neff , and the differences on the statistical confidence of
ξ are essentially due to the differences induced for the
data combinations. Therefore, the presence of Mν and
Neff does not significantly shift the prediction on the dark
coupling parameter. On the other hand, when consider-
ing the possibility of such dark coupling, within the IVS
+ Mν model, we find Mν < 0.27 eV from CMB data
only, while Mν < 0.12 eV within ΛCDM model [2]. The
inclusion of BAO and R19 data to Planck 2018, con-
straints more tightly the neutrino mass as Mν < 0.164
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FIG. 1: The 1D marginalized posterior distributions and the
2D parametric space at 68% CL and 95% CL for the scenario
IVS + Mν .
eV (95% CL) and Mν < 0.201 eV (95% CL) from Planck
2018 + BAO and Planck 2018 + R19, respectively. The
bounds on Mν within IVS + Mν + Neff scenario remains
practically unchanged compared to IVS + Mν case. We
5Parameters CMB CMB+BAO CMB+R19
Ωch
2 0.0758+0.0259+0.0642−0.0748−0.0748 0.1029
+0.0265+0.0446
−0.0190−0.0465 0.0346
+0.0089+0.0402
−0.0336−0.0336
Ωbh
2 0.02221+0.00023+0.00044−0.00023−0.00045 0.02232
+0.00021+0.00041
−0.00021−0.00042 0.02232
+0.00020+0.00037
−0.00019−0.00037
100θMC 1.04362
+0.00228+0.00590
−0.00414−0.00497 1.04173
+0.00108+0.00302
−0.00167−0.00277 1.04647
+0.00244+0.00351
−0.00168−0.00370
τ 0.055+0.0072+0.015−0.0072−0.015 0.055
+0.0077+0.017
−0.0084−0.015 0.055
+0.0076+0.016
−0.0075−0.015
ns 0.9686
+0.0085+0.0166
−0.0088−0.0172 0.9727
+0.0080+0.0160
−0.0081−0.0156 0.9733
+0.0071+0.0140
−0.0071−0.0136
ln(1010As) 3.053
+0.018+0.036
−0.018−0.036 3.056
+0.018+0.038
−0.020−0.035 3.057
+0.017+0.034
−0.017−0.034
ξ 0.116+0.155+0.189−0.093−0.213 0.049
+0.061+0.131
−0.074−0.132 0.217
+0.064+0.087
−0.035−0.101
Ωm0 0.215
+0.091+0.202
−0.153−0.184 0.269
+0.063+0.114
−0.052−0.113 0.108
+0.027+0.086
−0.058−0.072
H0 69.46
+4.34+6.29
−3.77−6.37 68.58
+1.60+3.22
−1.59−3.14 73.50
+1.35+2.41
−1.22−2.44
Mν < 0.272 < 0.164 < 0.201
Neff 2.98
+0.19+0.37
−0.20−0.36 3.05
+0.18+0.37
−0.20−0.37 3.08
+0.17+0.34
−0.17−0.32
TABLE III: Constraints at 68% and 95% CL on free and derived parameters of IVS + Mν + Neff scenario. The parameter H0
is measured in the units of kms/s/Mpc, whereas Mν reported in the 95% CL, is in the units of eV.
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FIG. 2: Same as figure 1, but assuming the IVS + Mν +Neff
scenario.
find, Neff = 2.98
+0.37
−0.36 (at 95% CL) within the IVS + Mν
+ Neff scenario from CMB data, while Neff = 2.92
+0.36
−0.37
(95% CL) within ΛCDM [2]. Thus, the presence of such
dark coupling predicts a significant difference on the neu-
trino mass scale, but does not affect the effective number
of neutrino species. Similar conclusions are drawn from
the other data combinations considered too. Once that
Mν – ξ, is very weakly correlated, the effects of a possi-
ble dark coupling can be quantified as a possible increase
on the neutrino mass scale predicting three active neu-
trinos. The reverse way, that is, the presence of massive
neutrinos does not change the perspectives on the cou-
pling parameter under the model in consideration.
Our updated constraints show that all three interact-
ing scenarios considered here, when analyzing with the
Planck 2018 data only, can successfully solve the H0 ten-
sion/problem. This dark coupling between DE and DM
can generate high values of H0 parameter, in contrast to
the ΛCDM case, where it is not possible to obtain such
high value of H0. This aspect had previously been noted
in such scenarios [51, 52, 53, 54, 55, 56, 57, 58]. Un-
der any general modification from ΛCDM cosmology, it
is expected that the main effects on CMB anisotropies
happen on the amplitude of the late time integrated
Sachs-Wolfe effect (manifested at large angular scales),
which will depend on the duration of the dark energy-
dominated stage, i.e., on the time of equality between
matter and DE density, fixed by the ratio Ωx/Ωm, where
Ωm = Ωc+ Ωb. A larger Ωx implies a longer DE domina-
tion and consequently an enhanced late time integrated
Sachs-Wolfe effect. It is important to note that in DE
– DM coupling models, depending on different coupling
functions Q, different constraints on Ωc can be induced.
The constraints on baryon density should remain prac-
tically unchanged. In our models under consideration,
we are assuming our Universe to be spatially flat. Thus,
Ωx ' 1 − Ωc, at late times. And the changes induced
by different constraints on Ωc will control mainly this
correction on the CMB anisotropies at large scales. On
another side, Ωc will control the amplitude of the third
peak in the CMB spectra and also the constraints on
H0 in the form h =
√
wm(1− Ωx), where h = H0/100
and wm = h
2(Ωb + Ωc). Also, the changes in the expan-
sion of the Universe, induced mainly for the parameters
ξ and H0 will contribute to the corrections on the ampli-
tude of all peaks and shifts on the CMB spectrum due
to the modifications in the angular diameter distance at
decoupling (dependent on the expansion history of the
DE–DM interaction model after decoupling). The mag-
nitude of the correlations are proportional to the possible
deviations from ξ = 0, compared to the non-interacting
ΛCDM model. From the results summarized in Table
I, II, III, it is notable that a possible presence of ξ will
generate these effects by widening the parameter space
in order to obtain high H0 values, especially looking at
CMB constraints only. The presence of Mν and Neff ,
has less effects on CMB than the presence of a possible
coupling parameter ξ. In fact, these parameters (which
6characterize the properties of neutrinos) do not shift the
best fit values of ξ significantly. Thus, the contribution
to high H0 values comes from the dark coupling parame-
ter ξ. Once our global constraint on H0 is not in tension
with local H0 measurement from HST data, we can safely
consider the combination Planck 2018 + R19. From the
combined analysis Planck 2018 + R19, we find that the
coupling parameter between DM-DE may be non-null at
high statistical significance, i.e., at > 3σ, from Planck
2018 + R19. The natural explanation for having such
non-null value of ξ in high statistical significance is sim-
ple. Once the parametric space H0 – ξ from Planck 2018
data alone is large (and compatible with high H0 val-
ues) and strongly correlated, introducing the HST prior
in the analysis, having high H0 value with high accuracy,
it will eliminate statistically a significant portion of the
parameter space of ξ preferring non-null values on this
parameter. In general lines, we can interpret this solu-
tion for the H0 problem, by including the R19 prior in the
joint analysis, leading to a new physics favoring a dark
coupling. When analyzing CMB from Planck 2018 only,
we do not find any evidence for the coupling parameter,
and ξ = 0 full compatible.
We also analyze the combination Planck 2018 + BAO,
in order to break the statistical degeneracy in the space
of parameters, especially on H0 and ξ. We find that
the inclusion the BAO data changes the paradigm com-
pared to the joint analysis Planck 2018 + R19. Both
analyzes (Planck 2018 + BAO and Planck 2018 + R19)
are incompatible in 1σ, but fully compatible in 2σ. The
analysis Planck 2018 + BAO does not lead to any evi-
dence for ξ 6= 0 and also does not assuage the high H0
values from HST observations at less than 2σ. The com-
bination Planck 2018 + BAO and Planck 2018 + R19,
biased the analysis with CMB only in opposite directions
when compared to the mean values obtained from Planck
2018 data only (see figures 1 and 2). It makes clear that
different data combinations may return different percep-
tions on the coupling parameter, especially when taking
various different data in joint analysis. Since our main
goal is to update the constraints under the perspective of
the final Planck CMB data release, thus, let us just stick
to the joint analysis of Planck 2018 + BAO and Planck
2018 + R19, within the motivation of these scenarios.
As mentioned previously, the condition for a possible
DE – DM coupling leads to a degeneracy and strong cor-
relation in the plane ξ – H0. To make it easier for readers
to understand, we quantify it in Fig. 3, where one may
note how different scenarios respond to the same data set.
Also, quantifying some previous comments, one can ar-
gue that the presence of neutrinos does not significantly
shift the mean value of the coupling parameter. In the
right graph of Fig. 3, ξ > 0 is clearly evident at high
significance.
5. FINAL REMARKS
In this article we have updated the observational con-
straints in light of the CMB data from final Planck release
on cosmological scenarios motivated by a possible dark
interaction between DE – DM, where DE is described by
the vacuum energy density and DM is pressure-less. As a
new ingredient in the analysis, we consider the neutrino
properties within this interacting scenario. Concerning
the main upgraded results, we found that when analyzing
with Planck 2018 CMB data, the H0 constraints are com-
patible with the estimations obtained from the HST data.
When considering the joint analysis Planck 2018 + R19,
we note that the coupling parameter is non-null at more
than 3σ CL. Results are strongly linked with the H0 prior
in performing the statistical analysis. When considering
Planck 2018 only and Planck 2018 + BAO, we found no
evidence for a possible dark coupling in the universe sec-
tor. The inclusion of neutrino properties in terms of the
parameters, namely, Mν and Neff , does not significantly
correlate with the coupling parameter ξ. Therefore, such
neutrino properties do not directly influence the dark sec-
tors’ properties, within the model under consideration in
the present work.
As discussed in other works of the literature, the pres-
ence for a possible dark coupling between DM – DE can
solve the current observational tensions present in the
ΛCDM model, as well as explain the observable Universe
on all scales. In addition, the initial theoretical motiva-
tions for such models together with the current progress
as well as the results show that these scenarios can be
able to be an alternative description to the standard cos-
mological model. Certainly, much progress and physical
properties for this dark coupling have yet to be studied,
for example, dark sector’s particle mass scale dependence
on CMB and LSS, more theoretical ground for the cou-
pling function Q, connection with gravitational waves, as
well as others. Processes in this regard are still necessary
and attention should be focused for more physical details
of this dark coupling in future works.
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